Adult ECs lining the inside of blood vessels require shear stress generated by laminar flow to fully differentiate into a low-replicative endothelial phenotype [1] [2] [3] . Increased EC turnover occurs at sites of disturbed flow, such as arterial branches, presumably in response to apoptosis [4] [5] [6] [7] [8] [9] . Damaged ECs can be replaced rapidly by proliferation of resident ECs, thus preventing frank denudation of the luminal surface 10, 11 . Although ECs are highly adaptive to environmental cues, chronic activation during, for example, hyperlipidemia produces a dysfunctional arterial endothelium characterized by proadhesive properties, which drive the recruitment of monocytes 12, 13 . Moreover, various cardiovascular risk factors, such as hyperlipidemia, diabetes and vascular inflammation, can induce EC injury and apoptosis during atherosclerosis 14, 15 . However, the functional role and mechanisms involved in replicative endothelial regeneration during atherosclerotic lesion formation are currently incompletely understood.
RESULTS

Mir126 deletion impairs EC regeneration in injured arteries
To determine its contribution to endothelial repair, we crossed mice with a deletion of the gene encoding pre-miR-126 (ref. 19) with Apoe −/− mice, which develop hyperlipidemia and atherosclerotic lesions, and subjected both Mir126 −/− Apoe −/− and Mir126 +/+ Apoe −/− control mice to endothelial denudation of the carotid artery. Compared to Mir126 +/+ Apoe −/− control mice, the lesion area in Mir126 −/− Apoe −/− mice was significantly increased at days 14 and 28 after denudation (Fig. 1a) . Whereas the lesional smooth muscle cell (SMC) area ( Fig. 1b  and Supplementary Fig. 1a ) and collagen content (Fig. 1c) were unaffected by deletion of the Mir126 gene, the lesional macrophage area was larger in Mir126 −/− Apoe −/− mice than in control mice at days 14 and 28 ( Fig. 1d) because of an increase in average cell size but not in Mac2 + cell number (Fig. 1e) . Endothelial recovery of the luminal lining after complete removal of the endothelium ( Supplementary  Fig. 1b ) was significantly impaired in Mir126 −/− Apoe −/− compared to control mice at days 14 and 28 d (Fig. 1f) , and this effect was accompanied by a reduced rate of EC proliferation at day 28 ( Fig. 1g,h ). Lesional Mac2 + macrophages did not express the endothelial marker CD31 or the cell cycle-associated Ki67 antigen (Supplementary Fig. 1c) .
Given that bone marrow (BM)-derived cells also express Mir126 (ref. 22) , we generated Mir126 −/− Apoe −/− BM chimeras in a crossover study designed to dissect the roles of endothelial-resident and BMderived miR-126. BM-derived miR-126 was unable to rescue endothelial repair during lesion formation in Mir126 −/− Apoe −/− recipient mice (Fig. 1i,j) . Taken together, these results indicate that Mir126 deficiency impairs endothelial recovery by reducing cell proliferation, thereby promoting lesion formation.
Role of the miR-126-5p target Dlk1 in vascular repair
To identify direct targets of the two miR-126 strands that could potentially contribute to exacerbated lesion formation in Mir126 −/− mice, we used microarrays to evaluate global gene expression in Mir126 −/− Apoe −/− and Mir126 +/+ Apoe −/− mice 14 d after endothelial denudation. Compared with their expression levels in control mice, 513 genes were upregulated in the injured carotid arteries of Mir126 −/− Apoe −/− mice (fold change ≥2.0, P ≤ 0.05, n = 4 per group; Supplementary Table 1) . Notably, the expression of known miR-126-3p targets, such as Spred1 or Vcam1, was not increased in Mir126 −/− Apoe −/− mice (Supplementary Table 1) . Among the upregulated genes, the mRNA encoding phosphodiesterase 6H (Pde6h) is a predicted target of miR-126-3p, and the mRNAs encoding Dlk1 and coiled-coil domain-containing protein 18 (Ccdc18) are predicted targets of miR-126-5p. However, only the upregulation of Dlk1, a noncanonical 
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+/+ BM/Mir126 , collagen (c; n = 8) and Mac2 + macrophages (d; n = 3-6) determined by immunostaining. SMA, smooth muscle actin. (e) The number and size of lesional Mac2 + macrophages 28 d after injury (n = 4-6). (f) Endothelial repair after carotid injury assessed by immunostaining for von Willebrand factor (vWF, red) (n = 6-7). (g,h) EC proliferation in carotid sections 28 d after injury assessed by double immunostaining for vWF (red) and Ki67 (green) (g; n = 6-7) or CD31 (red) and PCNA (green) (h; n = 8). Arrows indicate vWF + Ki67 + (g) and CD31 + PCNA + (h) cells. (i,j) Lesion areas (i) and endothelial coverage (j) in Mir126 +/+ and Mir126 −/− mice reconstituted with Mir126 +/+ or Mir126 −/− BM cells (Mir126 +/+ BM and Mir126 −/− BM, respectively) quantified 28 d after carotid injury by elastic van Gieson staining and CD31 immunostaining, respectively (n = 3-6 per group). Nuclei were stained with DAPI (blue). Ctrl, control. The data in a-j are represented as the mean ± s.e.m. of the indicated number (n) of repeats. *P < 0.05 by Student's t test (a,d-h) or one-way analysis of variance (ANOVA) (i,j). Scale bars, 10 µm (g); 20 µm (h); 100 µm (a,c,j); 200 µm (b,d,f,i). (Fig. 2a) . We detected expression of Dlk1 protein in the injured artery, primarily in the CD31-positive endothelium covering the lesion (Fig. 2b) but not in SMCs or macrophages (Supplementary Fig. 2a) , suggesting a functional involvement of this protein in endothelial recovery. To confirm that Dlk1 is a direct target of miR-126-5p, we transfected HEK293 cells with a luciferase reporter vector containing the wild-type or mutated 3′ untranslated region (UTR) of Dlk1 (Supplementary Fig. 2b ). Co-transfection of the cells with synthetic miR-126-5p significantly reduced luciferase activity in cells expressing the wild-type Dlk1 vector but had no effect on luciferase activity in cells expressing the mutant vector (Fig. 2c) . Furthermore, miR-126-3p had no effect on the activity of the wildtype or mutant Dlk1 3′ UTR constructs (Supplementary Fig. 2c) .
We next confirmed targeting of DLK1 by miR-126-5p and studied the effects of DLK1 on proliferation of human umbilical vein ECs (HUVECs). Inhibition of miR-126-5p resulted in increased DLK1 expression and reduced EC proliferation, whereas overexpression of miR-126-5p had the opposite effect (Fig. 2d,e) . The effects of inhibition and overexpression of miR-126-5p on EC proliferation were rescued by silencing or overexpression of DLK1, respectively (Fig. 2e) . Similarly, treatment of the cells with a NOTCH1 inhibitor, SAHM1, reduced miR-126-5p-induced EC proliferation (Fig. 2e) . In HUVECs overexpressing DLK1, mutation of the miR-126-5p binding site in its 3′ UTR attenuated the proliferative effect of a miR-126-5p mimic (Fig. 2f) .
In line with increased arterial expression of Dlk1 in Mir126 −/− Apoe −/− mice, activation of Notch1 in the luminal ECs of injured arteries was significantly lower in Mir126 −/− Apoe −/− mice as compared to Mir126 +/+ Apoe −/− mice (Fig. 2g) . To study the role of Dlk1 in endothelial repair, we used siRNA to silence Dlk1 expression in Mir126 −/− Apoe −/− mice 14 d after denudation. The Dlk1-specific siRNA reduced arterial Dlk1 mRNA and protein expression (Fig. 2h) , inhibited lesion formation (Fig. 2i) and enhanced endothelial recovery and LNA-126-5p, respectively) with or without a DLK1-specific siRNA (siDLK1; n = 3-7) (left) or with miR-126-3p or miR-126-5p mimics with or without overexpression of DLK1 or inhibition (inhib.) of NOTCH1 (n = 4-6) (right). (f) Flow cytometry analysis of EC proliferation after treatment of HUVECs, which express DLK1 with (DLK1 +5pMRE ) or without (DLK1 ∆5pMRE ) the miR-126-5p recognition element, with a control oligonucleotide or a miR-126-5p mimic (n = 2-5). (g) Double immunostaining of cleaved Notch1 (red) and vWF (green) in carotid arteries 14 d after injury (n = 3-4). (h-j) Dlk1 mRNA expression (h; n = 3-4), Dlk1 protein expression (h; n = 3), lesion area (i; n = 4-5), endothelial recovery (CD31 immunostaining) (i; n = 4-5) and endothelial proliferation (j; n = 4) 14 d after injury of carotid arteries of Mir126 −/− Apoe −/− mice treated with a nonspecific or Dlk1-specific siRNA. The data in a, c and e-j are represented as the mean ± s.e.m. of the indicated number (n) of repeats. *P < 0.05 by Student's t test (a,f-j) or one-way ANOVA (c,e). Scale bars, 100 µm (i); 50 µm (b); 20 µm (g); 5 µm (g, inset). npg and EC proliferation (Fig. 2j) . Similarly, EC-specific deletion of Dlk1 in Mir126 +/+ Apoe −/− mice reduced lesion formation and increased endothelial proliferation 14 d after injury ( Supplementary Fig. 2d,e) . Taken together, these results indicate that the reduced EC proliferation in Mir126 −/− mice is attributable to derepression of Dlk1.
The passenger strand miR-126-5p promotes endothelial repair The passenger strands of miRNAs are typically degraded and therefore less abundant than the guide strands; however, we detected appreciable expression levels of both the miR-126-5p passenger strand and the miR-126-3p guide strand in various mouse tissues ( Supplementary  Fig. 3a) . Furthermore, both miR-126-3p and miR-126-5p were localized to ECs in normal arteries ( Supplementary Fig. 3b) , and miR-126-5p was expressed in the ECs of injured arteries ( Supplementary  Fig. 3c ). To delineate the differential roles of the two miR-126 strands in endothelial repair, we subjected denuded arteries of Apoe −/− mice to perivascular treatment with strand-specific miRNA inhibitors (antagomirs). qRT-PCR analyses confirmed the specific inhibitory effects of the two antagomirs on miR-126-3p and miR-126-5p expression (Fig. 3a) . Notably, compared with a control antagomir, the miR-126-5p antagomir, but not the miR-126-3p antagomir, increased the lesion area ( Fig. 3b) and the Mac2 + macrophage area ( Fig. 3c) and impaired endothelial recovery ( Fig. 3d) and EC proliferation in the luminal lining (Fig. 3e) . The reduced EC proliferation in miR-126-5p antagomir-treated arteries was associated with increased levels of Cdkn1a and Cdkn2b mRNAs but not Cdkn1b mRNA (Fig. 3f) .
Moreover, arteries treated with the miR-126-5p antagomir had higher levels of Dlk1 mRNA and endothelial Dlk1 immunostaining than control arteries (Fig. 3g) . Inhibition of miR-126-5p but not miR-126-3p also decreased the expression level of the Notch1 target gene Hes5 in injured arteries (Fig. 3h) . Gain-and loss-of-function experiments in HUVECs confirmed that miR-126-5p promotes Hes5 expression ( Supplementary Fig. 3d ) and Notch1 activity ( Supplementary  Fig. 3e ). However, treatment with the miR-126-5p antagomir did not increase the lesion area in injured carotid arteries of Mir126 −/− Apoe −/− mice harboring Mir126 +/+ Apoe −/− BM cells (Supplementary Fig. 3f ). Conversely, perivascular treatment with a miR-126-5p mimic reduced lesion formation (Fig. 3i) and promoted endothelial recovery and EC proliferation (Fig. 3j) in Apoe −/− mice. These results indicate that increased EC proliferation and reduced lesion formation in Mir126 −/− mice are attributable to the absence of miR-126-5p expression.
Site-specific effect of Mir126 deletion on atherosclerosis Atherosclerosis develops preferentially at predilection sites of the arterial tree with disturbed laminar flow, such as arterial branching points and the lesser curvature of the aortic arch, whereas nonpredeliction sites with laminar flow are protected from lesion formation. To evaluate the role of miR-126-mediated endothelial regeneration in a model of atherosclerosis without denudation, we fed Apoe −/− mice a highcholesterol diet (HCD) only. Lesion formation at nonpredilection sites of the thoracoabdominal aorta (Fig. 4a) , but not at predilection sites or in the aortic root (Fig. 4a,b) , was markedly exacerbated by knockout npg of Mir126. The expression levels of miR-126-5p and miR-126-3p were lower in the aortic root of Apoe −/− mice than elsewhere in the aorta (Fig. 4c) ; this region-specific suppression was associated with increased expression of Dlk1 mRNA (Fig. 4c) . Moreover, compared with nonpredilection sites, miR-126-5p expression was lower, Dlk1 mRNA and protein expression were higher and miR-126-3p expression was unaltered at predilection sites of Apoe −/− aortas ( Fig. 4d and Supplementary Fig. 4a ).
The deletion of Mir126 also resulted in increased lesion formation (Fig. 4e) , reduced angiographic lumen diameter (Fig. 4f) and increased lesional Mac2 + macrophage area (Fig. 4g) and cathepsin activity (Fig. 4h) in carotid arteries. Moreover, endothelial Dlk1 abundance was significantly higher in the carotid arteries of Mir126 −/− Apoe −/− mice than in those of Mir126 +/+ Apoe −/− mice (Fig. 4i) . In contrast to the aortic root (Supplementary Fig. 4b) , miR-126 deficiency reduced luminal EC proliferation in the carotid artery ( Fig. 4j  and Supplementary Fig. 4c) . Notably, aortic wall expression of the miR-126-3p target vascular cell adhesion molecule 1 (Vcam-1), which has an important role in the development of atherosclerosis 24, 25 , was not affected by genetic deletion of Mir126 (Supplementary Fig. 4d) . These results indicate that miR-126 deficiency increases atherosclerosis at nonpredilection sites only, where miR-126-5p levels are higher than at predilection sites.
Disturbed flow reduces miR-126-5p to promote atherogenesis To assess whether disturbed blood flow can reduce miR-126-5p expression, we generated a region of low shear stress by partial ligation of the carotid artery in Apoe −/− mice 26 . A significant reduction in miR-126-5p levels was evident 3 d after partial ligation; this effect preceded increased expression of both Dlk1 mRNA, which occurred after 1 week (Fig. 5a) , and Dlk1 protein, which occurred after 6 weeks (Fig. 5b) . Dlk1 protein expression was also increased in intact, nonligated carotid arteries of Mir126 −/− mice as compared to Mir126 +/+ mice (Fig. 5b) . In contrast to the progressive decrease of miR-126-5p (i,j) Endothelial Dlk1 expression (i; n = 4) and endothelial proliferation in carotid arteries determined by immunostaining (j, left; n = 9-10) and by two-photon laser scanning microscopy (j, right; n = 4). The arrows in j indicate PCNA + or 5-ethynyl-2′-deoxyuridine (EdU) + ECs (j, left) or represent scale bars of a three-dimensional reconstruction (j, right; in µm). All data are represented as the mean ± s.e.m. of the indicated number (n) of repeats. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t test (a,b,d-j) or one-way ANOVA (c). Scale bars, 25 µm (i,j); 50 µm (g); 250 µm (b); 1 mm (f). npg expression, miR-126-3p expression levels were comparable at 1 d and 1 week after partial ligation (Fig. 5a) . Accordingly, shear stress of HUVECs induced KLF2-dependent expression of pri-miR-126, leading to a marked accumulation of miR-126-5p but not miR-126-3p ( Supplementary Fig. 5a,b) . This result suggests the existence of different degradation mechanisms for the two strands. The upregulation of miR-126-5p by shear stress suppressed Dlk1 mRNA and protein expression (Supplementary Fig. 5c-e) and increased EC proliferation through targeting of the miR-126-5p binding site in the Dlk1 3′ UTR (Supplementary Fig. 5f ).
In line with the downregulation of miR-126-5p observed after partial ligation, knockout of Mir126 had no effect on lesion formation (Fig. 5c) or luminal EC proliferation (Fig. 5d) in partially ligated carotid arteries of Apoe −/− mice. To assess whether disturbed flow promotes lesion formation through downregulation of miR-126-5p, we systemically treated Mir126 −/− Apoe −/− mice after partial ligation of the carotid artery with miR-126-5p mimics, which resulted in uptake of miR-126-5p by aortic ECs (Supplementary Fig. 6a) . The miR-126-5p mimic reduced lesion formation caused by acutely disturbed flow (Fig. 5e) . This effect was associated with increased EC proliferation ( Fig. 5f ) and Notch1 activity (Fig. 5g) , but reduced Dlk1 abundance (Fig. 5h) , in luminal ECs of partially ligated carotid arteries. Moreover, silencing of Dlk1 reduced disturbed flow-induced lesion formation (Fig. 5i) and increased EC proliferation (Fig. 5j) in Mir126 +/+ Apoe −/− mice. These results indicate that disturbed flow suppresses miR-126-5p and promotes lesion formation through upregulation of Dlk1.
miR-126-5p mimics rescue EC proliferation in hyperlipidemia
To determine whether miR-126-5p has a role in atherogenesis, we systemically treated HCD-fed Mir126 −/− Apoe −/− mice with a miR-126-5p mimic. Treatment with the miR-126-5p mimic reduced npg lesion formation in the aorta (Fig. 6a) and aortic root (Fig. 6b) and increased luminal EC proliferation ( Fig. 6c and Supplementary  Fig. 6b ) and endothelial Notch1 activation (Supplementary Fig. 6c ).
The miR-126-5p mimic also reduced atherosclerosis and increased EC proliferation in the aortic root of Mir126 +/+ Apoe −/− mice fed the HCD for 28 d (Supplementary Fig. 7a,b) . Moreover, the progression of atherosclerosis in the thoracoabdominal aorta (Fig. 6d) and aortic root (Fig. 6e) of Mir126 +/+ Apoe −/− mice was inhibited when we initiated the miR-126-5p mimic treatment 8 weeks into a 12-week HCD feeding program. Although EC proliferation was higher at predilection sites than nonpredilection sites in Mir126 +/+ Apoe −/− mice fed a normal diet, it was comparable at both sites in mice fed the HCD (Fig. 6f) . Notably, treatment with miR-126-5p increased the EC proliferation rate at predilection sites but not nonpredilection sites (Fig. 6f) .
Similarly, endothelial-specific deletion of Dlk1 in Mir126 +/+ Apoe −/− mice increased EC proliferation at predilection sites after feeding the HCD for 3 weeks (Supplementary Fig. 7c ). Overall, these data support the concept that hyperlipidemia suppresses EC proliferation at predilection sites because downregulation of miR-126-5p expression induced by disturbed flow limits the regenerative reserve of ECs by derepressing Dlk1. In human atherosclerotic lesions, levels of miR-126-5p, but not miR-126-3p (Supplementary Fig. 8a-c) , were correlated with lower endothelial DLK1 abundance ( Fig. 6g ; R 2 = 0.2288, P = 0.0181), increased luminal EC proliferation ( Fig. 6h and Supplementary  Fig. 8d ; R 2 = 0.5477, P < 0.0001) and reduced numbers of lesional CD68 + macrophages ( Fig. 6i ; R 2 = 0.1892, P = 0.0234). These results suggest that higher miR-126-5p levels are also atheroprotective in humans and that treatment with miR-126-5p mimics may have therapeutic value in human atherosclerosis. 
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DISCUSSION
The results presented here show that miR-126-5p expression is essential for the replicative response of ECs to injury by targeting the negative regulator of EC proliferation, Dlk1. This mechanism preserves EC proliferation after hyperlipidemic stress and is responsible for reduced lesion formation in regions of the arterial tree that are protected from atherosclerosis. By contrast, disturbed flow limits the proliferative reserve of ECs by suppression of miR-126-5p expression, and thus ECs at predilection sites fail to maintain their proliferation rate after hyperlipidemic injury. This inadequate EC proliferation promotes lesion formation, which can be rescued by administration of miR-126-5p. Various metabolic and immune-mediated mechanisms induce EC injury and death, which may lead to EC detachment from the vascular wall and cause endothelial dysfunction 14 . Endothelial integrity is usually maintained through replacement of damaged ECs with proliferating, healthy ECs. Our findings indicate that high levels of miR-126-5p are essential for replicative endothelial regeneration in response to injury by suppressing Dlk1. Dlk1, encoded by a paternally expressed, imprinted gene, exists in a soluble and membrane-bound form and is widely expressed during development but is downregulated in most tissues after birth 27 . Also known as preadipocyte factor-1, DLK1 controls preadipocyte expansion by inhibiting G1-to S-phase progression during the cell cycle 28 . DLK1 also impairs angiogenesis by inhibiting EC proliferation, which has been attributed to its inhibitory effect on NOTCH1 activation 29 . In line with our results, reduced NOTCH1 activation can impair cell proliferation, presumably by suppression of its target gene HES5 and upregulation of the cell cycle inhibitor CDKN1A 30 . Impaired endothelial repair can lead to increased permeability, which in turn can enhance the influx of low-density lipoprotein (LDL) into the vessel wall, increase LDL uptake by macrophages and promote lesion formation 9, 31 .
Chronic EC injury by disturbed flow induces endoplasmic reticulum stress and apoptosis, which promotes lesion development at predilection sites of atherosclerosis 32, 33 . The proliferation of apoptosisresistant ECs is increased at predilection sites, and this proliferation may regenerate the injured endothelium 5 . Our results show that upregulation of Dlk1 at predilection sites, mediated by the suppression of miR-126-5p, negatively regulates EC proliferation. We propose that ECs at predilection sites adapt to the enhanced turnover that occurs in response to disturbed flow by downregulating miR-126-5p. Under hyperlipidemic conditions, however, EC proliferation at predilection sites is severely reduced, indicating that in regions of disturbed flow, the regulation of EC regeneration becomes maladaptive. Under these conditions, upregulation of Dlk1 impedes the regenerative response of ECs to the proapoptotic and antiproliferative effects of oxidized LDL 15, 34 . Our findings show that administration of a miR-126-5p mimic to increase miR-126-5p levels rescues EC proliferation and limits lesion formation at predilection sites, demonstrating that insufficient EC proliferation promotes atherosclerosis. Conversely, elevated miR-126-5p levels in ECs at nonpredilection sites may balance the antiproliferative effects of laminar shear stress by suppressing Dlk1 and thus generate a proliferative reserve that maintains the EC proliferation rate in the presence of hyperlipidemic stress. Accordingly, we showed that lack of miR-126-5p expression promotes lesion formation mainly in nonpredilection sites, indicating that the increased regenerative capacity of ECs generated by high miR-126-5p levels limits the susceptibility to atherosclerosis in these regions.
Our findings also show that the sister strand of miR-126-5p, miR-126-3p, is not involved in endothelial repair after mechanical injury.
Known targets of miR-126-3p such as Spred1 were not upregulated in injured arteries in Mir126 −/− mice, a finding that may be attributable to targets of miR-126-3p that are induced during endothelial repair and compete for binding to miR-126-3p 35 . By contrast, similarly to the effects of endogenous miR-126-5p, delivery of exogenous miR-126-3p by endothelial microparticles promotes endothelial proliferation and repair 36 . The previous finding that endothelial-derived miR-126-3p can induce SMC replication after complete cessation of blood flow 37 was not evident in the models of atherosclerosis used here. In contrast to our finding that endogenous miR-126-3p does not affect lesion formation after arterial injury, delivery of miR-126-3p, released from apoptotic ECs, reduces atherosclerosis and enhances angiogenic cell recruitment 21 . Moreover, patients with increased risk of cardiovascular disease have reduced circulating levels of miR-126-3p 38, 39 . Taken together with our results, these findings suggest dual functions of the miR-126 strands in atheroprotective endothelial regeneration. The protective effects of miR-126-3p derived from apoptotic ECs or circulating angiogenic cells may occur at predilection sites, where the replicative capacity of ECs is inadequate under conditions of hyperlipidemic stress, complementing the role of miR-126-5p in regulating EC proliferation at nonpredilection sites (Fig. 6j) 21, 40 . However, the atheroprotective effect of miR-126-3p may still require basal miR-126-5p expression, as lesion formation was not increased at predilection sites in Mir126 −/− mice. Accordingly, systemic treatment with only miR-126-5p mimics ameliorated lesion formation, indicating that this approach may be useful for treating atherosclerosis.
METHODS
Methods and any associated references are available in the online version of the paper. scrambled pre-miRNA (Life Technologies). Forty-eight hours after transfection, firefly and Renilla luciferase activities were measured using the Dual-Glo Luciferase Assay System (Promega) and a microplate reader (Tecan Group Ltd., Männedorf, Switzerland). The Renilla luciferase activity was normalized to the firefly luciferase activity.
Antagomir treatment. The following antisense RNA oligonucleotides containing 2′-OMe-modified nucleotides (m), a partial phosphorothioate backbone (*) and a cholesterol group (Chol) were synthesized: miR-126-5p, 5′-mC(*)mG(*)mCm GmUmAmCmCmAmAmAmAmGmUmAm AmUmA(*)mA(*)mU(*)mG(*)-Chol-3′; and miR-126-3p, 5′-mC(*)mG(*)mCmAmUmUmAmUmUmAmCmU mCmAmCmGmGmUmA(*)mC(*)mG(*)mA(*)-Chol-3′ (Dharmacon, Fisher Scientific, Germany GmbH, Schwerte, Germany). The following control antagomir contained a random sequence of nucleotides and was not complementary to any known miRNA: 5′-mA(*)mU(*)mGmAmCmUmAmUmCmGmCmUm AmUmUmCmGmC(*)mA(*)mU(*)mG(*)-Chol-3′ (Dharmacon). Antagomirs (160 µg) were dissolved in 35% pluronic gel (Sigma-Aldrich). Perivascular antagomir treatment of the carotid arteries started 1 week after wire-induced injury and was repeated weekly. siRNA application. One week after carotid injury of Mir126 −/− Apoe −/− mice or partial carotid ligation of Mir126 +/+ Apoe −/− mice, 4 nmol of Dlk1-specific siRNAs (UCUUUCUCAACAAGUGCGA; UUAUCAAGUAUCAAAUAUA; GCAUGAUAAUGAAUAAUAA; CCUGCGUGAUCAAUGGUUC; SMARTpool Accell siRNA, Dharmacon) or a nonspecific siRNA (Dharmacon) dissolved in pluronic gel (35%) and supplemented with transfection reagent (Dharmafect 4, Dharmacon) was applied perivascularly 45 . The injured carotid arteries were harvested 1 week after the siRNA treatment. After partial carotid ligation, perivascular treatment with siRNA was performed once per week, and the arteries were harvested at week 6.
Computed tomography (CT).
The diameters of the left and right common carotid arteries were determined by angiography using dual energy micro-CT (TomoScope DUO, CT Imaging, Erlangen, Germany) after intravenous injection of a blood pool contrast agent 47 .
Fluorescence molecular tomography. Fluorescence molecular tomography (FMT 2500, PerkinElmer) was performed 24 h after the injection of a fluorescent probe (ProSense 680, PerkinElmer) sensitive to cathepsins. Carotid arteries were segmented on the basis of the micro-CT data to compute the corresponding amount of fluorescent dye in the quantitative three-dimensional tomography data (Imalytics Research Workstation, Philips Research, Eindhoven, the Netherlands).
Detection of EC proliferation and endothelial denudation in vivo.
To detect DNA synthesis in ECs using two-photon laser scanning microscopy and threedimensional deconvolution microscopy, mice were injected with 300 µg of EdU (Click-iT EdU Alexa Fluor 594 Imaging Kit, Life Technologies) 96, 72, 48 and 24 h before harvesting the carotid arteries and aortic arches.
For two-photon laser scanning microscopy, carotid arteries were isolated and ex vivo perfused (80 mm Hg) 48 . An Alexa Fluor 488-conjugated antibody against CD31 (2.5 µg ml −1 ; 390, BD Biosciences, Heidelberg, Germany) was applied intraluminally for 30 min, and the artery was flushed with HBSS (Life Technologies). Subsequently, the azide-containing fluorescence dye (Alexa Fluor 594) was applied to the ex vivo-perfused carotid artery for 1 h to label EdU. The mounted arteries were imaged using an Olympus FV1000MPE two-photon laser scanning microscope coupled to a 25× 1.05 numerical aperture (NA) waterdipping objective (Olympus Germany GmbH, Hamburg, Germany) and a MaiTai DeepSee Ti:Sa pulsed laser (Newport Spectra-Physics GmbH, Darmstadt, Germany) tuned at 780 nm. Emitted fluorescent signals were detected by three photomultiplier tubes (PMTs) tuned to the following wavelengths: autofluorescence of extracellular matrix (PMT1), 400-510 nm; CD31 and Alexa Fluor 488 (PMT2), 510-560 nm; EdU and Alexa Fluor 594 (PMT3), 560-660 nm. Single images (1,024 × 1,024 pixels) were recorded in the xy plane and subsequently collected at successive depths (z stack; the distance between the xy planes was 1 µm). A Kalman image acquisition protocol (3× line scan) was used to repress the contribution of noise to the raw dataset. Two-photon laser scanning microscopy data were processed using ImagePro Analyzer 3D software (version 7.0, Media Cybernetics, Inc., Rockville, MD, USA).
To study the proliferation of ECs at predilection and nonpredilection sites, the left carotid artery and the adjacent part of the aortic arch were en face prepared (Supplementary Fig. 9 ), and CD31 immunostaining was combined with EdU labeling. EC coverage after wire injury was assessed in the en face prepared left carotid artery immunostained for CD31. The stained sections were visualized using a DM6000B microscope (Leica Microsystems) equipped with a fully motorized stage and a digital camera (Leica DFC365 FX, Leica Microsystems). To detect the fluorescent signals in en face prepared aortas, z stacks of twodimensional images were recorded, and deconvolution was performed using a mathematical algorithm to remove out-of-focus information (AF6000 3D deconvolution software module, Leica Microsystems).
